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A sensitive detection system specific for Legionella pneumophila in water was developed. This system is based 
n amplification of a chromosomal DNA sequence from L. pneumophila by the polymerase chain reaction, 
followed by detection of the amplified product by hybridization of a radiolabeled oiigodeoxynudeotide. After 
55 cycles of amplification, a water sample which had been seeded with 35 CFU of L. pneumophila contained 
sufficient amplified DNA to be detected on dot blots. Bacteria of other genera tested did not generate positive 
signals under these conditions. Application of this technique to environmental water samples may help identify 
the natural reservoirs of nosocomial and community-acquired L. pneumophila infections. 



Legionella pneumophila is recognized as an important 
cause of atypical pneumonia. Although L. pneumophila 
usually causes a small number of community-acquired res- 
piratory infections, the number of hospital-acquired cases in 
the United States is rising. Presumably, this increasing rate 
of Legionnaires disease in hospitalized patients is primarily 
related to the growing number of susceptible hosts. Among 
the known risk factors for infection are renal dialysis, organ 
transplantation, alcohol consumption, corticosteroid or 
other immunosuppressive therapy, smoking and chronic 
lung disease, cancer, and other chronic underlying illnesses. 
Although many clinical aspects of the disease are well 
understood, the reservoirs for L. pneumophila and the 
modes of transmission that occur in the hospital setting are 
poorly understood. 

Outbreaks of nosocomial legionellosis have been attrib- 
uted to exposure of susceptible individuals to aerosols of 
contaminated water. Building air-exchange equipment and 
whirlpool baths have been epidemiological^ linked to com- 
munity and hospital epidemics (1). Potable water has also 
been linked to outbreaks (14). Transmission from contam- 
inated potable water has been ascribed to showers (15), 
contaminated respiratory therapy equipment, and possibly 
ingestion of tap water (1). While cultivation of L. pneumo- 
phila is the standard method of detection, it has not always 
been possible to isolate viable bacteria from suspected water 
sources. Several groups have reported detection of legionel- 
lae by using DNA probes. Grimont et al. (7) selected and 
pooled endonuclease restriction fragments of chromosomal 
DNA from an isolate of pneumophila, radiolabeled the 
fragments, and used the pooled fragments to detect legionel- 
ta which had been seeded onto nitrocellulose membranes 
and lysed in situ. This method could detect no fewer than 10 s 
CFU. Engleberg et al. (6) reported a sensitivity of 5 x 10 4 
organisms using another DNA probe to detect legionellae in 
murine lung tissue homogenates. A commercially available 
kit (4) also employs a DNA probe to detect legionellae. 

All the existing probes require relatively large quantities of 
Legionella DNA f r detection by hybridizati n. This pre- 
ludes their use f r directly detecting legionellae in environ- 
mental or potable water sources suspected f contamination, 
rhe development of the polymerase chain reaction (13) and 
the incorporation of the thermostable tag DNA polymerase 
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into this process (12) permit the automated amplification of 
target DNA sequences. It is estimated that the process is 
capable of selectively amplifying a particular sequence of 
DNA by a factor of 10 6 (12). Thus, the polymerase chain 
reaction can amplify a single copy of the target such that it is 
well within the range of traditional DNA probe detection 
levels. In this study, we investigated the feasibility of using 
the polymerase chain reaction to amplify a specific L. 
pneumophila chromosomal DNA fragment in water samples. 
Following amplification, a DNA probe was used to detect 
the amplified product. 

MATERIALS AND METHODS 

Growth of L. pneumophila and cloning of chromosomal 
DNA fragment. L, pneumophila strains were grown in a 
liquid medium consisting of IS g of yeast extract (Difco 
Laboratories, Detroit, Mich.) and 2 g of ACES [iV-<2- 
acetamido)-2-aminoethanesulfonic acid] per liter, adjusted to 
pH 6.9 with KOH, and supplemented with 0.4 g of L-cysteine 
after autoclaving. The number of CFU per milliliter was 
determined by serial dilution and plating on buffered char- 
coal-yeast extract agar (BBL Microbiology Systems, Cock- 
eysville, Md.). 

Chromosomal DNA from L. pneumophila serogroup 1 
(Stanford L6/s) (16) was isolated by the method of Roussel 
and Chabbcrt (11), digested with both EcoRI and Hindlll 
and applied to a 1% low-melting-point agarose gel (Sea- 
Plaque: FMC Corp., Marine Colloids Div., Rockland, 
Maine) containing 0.5 pg of ethidium bromide per ml. After 
electrophoresis, a segment of the lane containing DNA 
fragments between 800 and 1,200 base pairs (bp) in size was 
cut from the gel. These fragments were extracted from the 
gel (10) and ligated into plasmid pBS- (Stratagene, La Jolla, 
Calif.) which had been digested with both EcoRI and 
HindllL The ligation mix was transformed into Escherichia 
coli XL-1 Blue (Stratagene). Six of the resulting recombinant 
clones were screened for an insert which hybridized to L. 
pneumophila chromosomal DNA and did not hybridize to 
DNA f ther bacterial genera (by Southern analysis, see 
method below). One cl ne, pLEGlOl, which met these 
criteria contained an 800-bp EcoRI-Z/mdlH insert. The same 
insert was als cl ned into plasmid pBS+ (Stratagene) t 
allow Tor eventual sequencing of both complementary 
strands of the I. pneumophila DNA fragment. The resultant 
plasmid, pLEG102, was transf rmed int strain XL-1 Blue. 
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Southern analysis of bacterial DNA. Bacterial chromo- 
somal DNA was cut with both EcoRI and HindUU and 
equivalent amounts were applied t a 1% agarose gel. After 
electrophoresis, the DNA was t msferred t anitrocellul se 
membrane and baked under vacuum for 2 h at 80*C (9). The 
membrane was prehybridized in 5x SSC (lx SSC is 0.15 M 
Naa plus 0.015 M sodium citrate)-0.1% sodium dodecyl 
sulfate (SDS)-0.001 M EDTA-lx Denhardt solution-50% 
formamide for 18 h at 37°C (9). The 800-bp DNA fragment 
from pLEG102 was purified from a low-melting-point agar- 
ose gel as described above, labeled with [a- 32 P]dCTP by nick 
translation (9), and boiled for 5 min. The probe was added to 
the prehybridization buffer along with 100 ug of sheared 
denatured calf thymus DNA per ml. The probe was hybrid- 
ized for 24 h at 37°C. After hybridization, the blot was 
washed in 5x SSC-0.1% SDS at 65°C for 1 h, rinsed twice in 
2x SSC at room temperature, allowed to dry, and exposed 
to Kodak XAR-5 film. 

DNA sequence analysis. Single-stranded DNA was recov- 
ered from pLEGlOl and pLEG102 by use of the M13 helper 
bacteriophage VCS-M13 (Stratagene). Using the appropriate 
primers (T7 and T3 ; Stratagene) and the Sequenase sequenc- 
ing reagents (U.S. Biochemical Corp., Cleveland, Ohio), 150 
bp of nucleotide sequence at each end of the 800-bp insert 
was determined. 

Amplification of samples. Bacterial suspensions (72.5 uJ) in 
sterile distilled water were placed in 0,6-ml microcentrifuge 
tubes. To lyse the bacteria and release the chromosomal 
DNA, the tubes were frozen in dry ice for 5 min, boiled for 
5 min, frozen again, then boiled again. Each tube was placed 
on wet ice, and 27 uJ of concentrated amplification mixture 
was added such that each tube contained the following (12)* 
n°n^ ^ C, . : 10 Tris *Woride (pH 8.3); 1.5 mM MgCl 2 i 
0.01% gelatin; 200 |iM each dATP, dCTP, dGTP, and TTP* 
1.0 pJV! oligodeoxynucleotide LEG-1; and 1.0 uM oligode^ 

xynucleotide LEG-2. A 2.5-U portion (0.5 uJ) of tag 
polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) was then 
added to each tube so that the final sample volume was 100 
M-l. Samples to be amplified were placed in a programmable 
thermal cycler and subjected to 35 cycles of amplification 
One cycle consisted of 1 min at 93°C, 1 min at 55°C, and 1 5 
mm at 74°C. After the final cycle, the tubes were incubated 
for an additional 7 min at 74°C. 

Dot blots of amplified product Samples for blotting were 
removed from the reaction tubes and boiled for 10 min, ar.-f 
30 pj was spotted onto a nitrocellulose membrane. The 
nitroceDulose was baked under vacuum at 80°C for 2 h and 
incubated in a pfehybfidkauon buffer of 6x SSC 5x 
Denhardt solution, and 0.1% SDS (9) for 2 h at 42°C ' The 

f^^^SSiSS^ WM a 254s ^ o^godeoxynucleotide, 
LEGO (5 ^T(XGTTATGGGGTATrGATCACCA-3'), end 
labeled with [r 32 P]dATP by using polynucleotide kinase (3). 
Jtosprobe was added to a hybridization buffer containing 
6x SSC, lx Denhardt, 0.1% SDS, and 100 ug of sheared and 
denatured calf thymus DNA per ml (9). The blot was 
incubated in this hybridization mixture for 6 h at 42°C. After 
hybridization, the blot was washed twice with 6x SSC-0.1% 
SDS at 55°C for 30 min each time, rinsed briefly with 6x SSC 

vA^fif moeratlar ' aHowed dry. and exposed to Kodak 
XAR-5 film. 

Materials. Chemical reagents were obtained from Sigma 
Chemical Co. (St. Louis, M .) Restriction endonucleases 
and other DNA-modifying enzymes were supplied by Be- 
Jhesda Research Laboratories, Inc. (Gaithersbuig, Md.). 
Oligodeoxynucleotides were synthesized by Operon Tech- 
nologies (San Pabl , Calif.). 
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FIG. 1. Southern blot of chromosomal DNA from various bac- 
tena probed with the 800-bp EcoKl-Hmdlll insert. AU lanes contain 
chromosomal DNA digested with £coRI and Hindlll. DNA was 
TEE £ PZ^PMa (Stanford Lu/s) (16) (lane 1); L. pneumophila 
«JS?5 1) (Centers for Disease Control) (lane 2); £. pneumo- 
phila (Philadelphia Is) (Centers for Disease Control) (lane 3); L 
pneumophila (serogroup 2, SG1-C2) (16) (lane 4); L. pneumophila 
(serogroup 6, Stanford University Hospital (lane 5); L. pneumophila 
(serogroup 8, SG8) (16) (lane 6); L. pneumophila (Stanford LI 1, 
Stanford University Hospital (lane 7); £. pneumophila (Naples) (16) 
lane 8); £. coli (HB101) (11) (lane 9); and P. aeruginosa (Stanford 
University Hospital) (lane 10). Positions and sizes (in kilobases) of X 
DNA digested with tfmdIII are shown on the left. 

RESULTS 

Identification of L. pneunwphila+j*dtie DNA probe. A 
chromosomal DNA fragment from L. pneumophila was 
identified for use in the development of a species-specific 
DNA amplification and hybridization detection system. The 
selected fragment was cloned into pBS- and pBS+ and 
named pLEGIOl and P LEG1G2, respectively. To determine 
the specificity of the cloned 800-bp I. pneumophila insert, it 
was used as a probe in the Southern analysis of chromo- 
somal DNA from a variety of bacteria (Fig. 1). All L. 
pneumophila serogruups tested contained an 800-bp EcoRl- 
Aiidlll fragment which hybridized to the 800-bp probe. N 
hybridization was apparent in lanes containing chromosomal 
DNA from £. coli or Pseudomonas aeruginosa. 
^Amplification of L. pneumophila samples. The polymerase 
cham reaction requires the use of two oligonucleotides 
which flank the region of DNA to the amplified. Sequence 
analysis of the 800-bp fragment was done so that appropriate 
oligodeoxynucleotides c uld be ch sen. Two tt-mer oli- 
godeoxynucleotides were synthesized which were comple- 
mentary t 19 bases near the termini f the fragment and 
which bound to opposite strands of the DNA. These two 
oligodeoxynucleotides were LEG-1 (S'-GTCATGAGGAAT 
CTCGCTG-3) and LEG-2 (5'-CTGGCTTCTTCCAGCTT 
CA-3 ). 
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FIG 2. Typical e totf°Phoretic profile of amplified L. pneumophila DNA. (A) DNA resulting from amplification of samples seeded with 

S£W£^ X Jt^; 3 * X 5^^H X 105 < lane3 ^ 5 * ^(lane^S x l7toe5),35olK 
3.5 (lane 8) 0.35 (lane 9) and 0 (lane 10). Numbers represent the average number of L. pneumophila CFU which would He present in multiple 
samples as determined by dilution of a bacterial concentrate. (B) Replicate samples which did not undergo amplification by thermal cycling. 
Positions and sizes (in kilobases) of a DNA digested with HinMX are shown to ihe left of each panel 



To determine the sensitivity of the detection system, we 
amplified samples of L. pneumophila containing from 10 7 
CFU to fewer than 1 CFU. Initially, L. pneumophila (Stan- 
f rd L6/s) (16) was grown to a concentration to 10 s to 10* 
CFU/ml. Bacteria from 1.0 ml of this culture were pelleted in 
an Eppendorf microcentrifuge for 2.5 min, suspended in 1.0 
ml of sterile distilled water, and serially diluted. In addition, 
a tube containing no cells was included as control. Each tube 
was prepared in duplicate. One sample was amplified, and 
the other was treated in exactly the same manner except it 
did not undergo the thermal cycling which permits amplifi- 
cation. 

Analysis of amplified product. To characterize the product 
uf ihc amplification teauion. we renioved 2 ^1 of the iCC-jt! 
reaction mixture from each tube after amplification. These 
samples were applied to 1% agarose ge!s containing 0.5 \Lg of 
ethidium bromide per ml and subjected to electrophoresis. 
Figure 2A shows a typical eiectronhoretic profile of the DNA 
after 35 cycles of the poiymerase chain reaction. Samples 
containing 350 CFU or more displayed a band corresponding 
to 700 bp. This was the size of the expected ampiification 
product, slightly smaller than the 800-bp cloned L. pneumo- 
phila chromosomal fragment. When amplification was car- 
ried out for 35 cycles, samples containing fewer than 350 
CFU did not show a band on ethidium bromide-stained gels. 
As expected, no amplified product was found in samples 
which did not undergo thermal cycling (Fig. 2B). 

Hybridization of a radiolabeled probe is the most sensitive 
method to detect specific DNA sequences. Thus, d t blots of 
the amplified product were prepared and probed with a 
radiolabeled oligodeoxy nucleotide. LEG-3. LEG-3 was com- 
plementary to sequences between the two amplification 
primers, near, and complementary to, the same strand as 
LEG-2. In the dot blot shown in Fig. 3, the LEG-3 probe 



hybridized with amplified samples which contained 35 CFU 
or more of L. pneumophila. Samples containing fewer than 
35 bacteria or those which were not amplified did not 
hybridize with the probe. Dot blots reproducib!y detected 
samples containing more than 35 CFU. 

Specificity of detection system. Water samples seeded with 
between 10 7 and 10 9 CFU of bacteria of other genera were 
prepared, amplified, and blotted in the same manner as the 
L. pneumophila samples. Species tested were Aeromonas 
hydrophila, Citrobaaer diversus, Enterobacter agglomer- 
ans, Escherichia colt\ Hafitia alvei, Klebsiella pneumoniae. 
Morganella morgani'u Proteus mirabilis, Providencia stttar- 
/«. Pseudomonas aeruginosa. Salmonella typhimurium* Ser- 
TGiia Tnarccsccnz. , Shigella fiexneri* Vihrio parakaemohii* 
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FIG. 3. Typical dot blot of amplified samples probed with LEG-3 
oligodeoxynucleotide. Row a shows DNA resulting from amplifica- 
tion of samples seeded with the following (CFU): 3.5 x 10 7 (lane 1), 
3.5 x 10* (lane 2), 3.5 x 10 5 (lane 3), 3.5 x 10* (lane 4), 3.5 x 10 J 
(lane 5). 350 (lane 6), 35 (lane 7), 3.5 (lane 8). 0.35 (lane 9), and 0 
(lane 10). Numbers represent the average number of L. pneumophila 
CFU which would be present in multiple samples as determined by 
dilution of a bacterial concentrate. Row b shows replicate samples 
which did not undergo amplification by thermal cycling. 
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FIG. 4. Dot blot showing hybridization of LEG3 to other genera 
of bacteria after amplification. Samples; 1, L. pneumophila; 2, A. 
hydrophilax 3, C. diversus; 4, Enterobacter agglomerans; 5, Esch- 
erichia coli; 6, H. ii/vW; 7, K. pneumoniae,, 8 t M. morganii; 9, 
Proteus mirabilis; 10, Providencia stuartii; 11, Pseudomonas aerug- 
inosa; 12, Salmonella typhimurium\ 13, Serrano marcescens: 14, 
Shigella fiexneri; 15, V. parahaemolyticus\ 16, K. enterocolitica; 17, 
human feces; and 18, sterile distilled water. 

cw5, and Yersinia enterocolitica. Tubes containing 4 x 10" 4 
g of human feces were also subjected to amplification. Such 
a fecal sample has been estimated to contain approximately 
4 x 10 7 bacteria and represents a diverse array of microor- 
ganisms (2). Amplification of water samples seeded with 
bacteria of other genera, including the human fecal sample, 
did not yield a product which hybridized with the LEG-3 
probe (Fig. 4). 

To test the reactivity of the system with other members of 
the Legionella genus, samples containing purified chromo- 
somal DNA corresponding to 10 7 and 10 8 CFU of I. pneu- 
mophila* £. dumoffii, L.feelei, L.jordanis* and L. micdadei 
were amplified and probed in the same manner as the 
bacterial suspensions. Only the L. pneumophila sample 
produced a positive signal (data not shown). 

DISCUSSION 

Cultivation of L. pneumophila from clinical materials has 
been considered the standard against which other detection 
methods are compared. However, many investigators have 
been unable to confirm Legionella contamination of environ- 
mental and potable water samples by cultivation and have 
failed to pinpoint the reservoirs and mode of transmission of 
several nosocomial Legionella strains (16). Attempts to 
cultivate these strains on a variety of media and to isolate 
them by inoculation of guinea pigs have failed despite the 

pa«p with u/hirh tho ctrojnc r***n K« 

specimens on routine Legionella media (16). Although the 
commercially available Legionella DNA probe kit has rea- 
sonable sensitivity when applied to respiratory tract speci- 
mens (5), we have found it to be quite insensitive for 
detecting Legionella species in potable water samples, ever* 
some that were culture positive (unpublished observations). 
Amplification of target DNA sequences before probing offers 
a more sensitive alternative to detect a small number of 
viable, cultivatable bacteria and even so-called "nonculti- 
vatable" or "nonviable" forms (8). We therefore developed 
a species-specific L. pneumophila detection system based on 
enzymatic amplification of target sequences followed by 
hybridization of a radiolabeled DNA probe. 

The DNA amplification and probe system described in this 
study is specific for L. pneumophila. No significant cross- 
reactivity with other Legionella species or ther bacterial 
genera has yet been observed. Furthermore, we could detect 
as few as 35 CFU of L. pneumophila* a far greater sensitivity 
than observed with any previously described technique. 
Theoretically, a single bacterium could be detected with 60 



cycles of amplification; however, under these conaitions, we 
often obtained positive signals on dot blots from samples 
which were not known to contain L. pneumophila bacteria 
or DNA. These signals likely resulted from laboratory or 
environmental contamination of the samples with L. pneu- 
mophila bacteria or DNA. Therefore, we reduced the num- 
ber of amplification cycles to produce a highly specific but 
slightly less sensitive test. 

Although the method is specific only for L. pneumophila* 
probes specific for other pathogenic legionellae could simi- 
larly be constructed. In instances in which detection of 
multiple species is desirable, the oligodeoxynucleotides 
could be mixed and amplification carried out simultaneously 
in the same tube. Mixed radiolabeled probes would be used 
for detection. 

We expect that the application of DNA probes to environ- 
mental and potable water samples, coupled with specific 
amplification of target sequences, will contribute to the 
advancement of Legionella epidemiology. Before this tech- 
nology can be applied to water samples, however, there are 
many factors tluu must be controlled. First, owing to the 
sensitivity of the polymerase chain reaction, precauti ns 
must be taken to prevent contamination of glassware, buff- 
ers, and other solutions with viable Legionella species that 
might be found in water baths, distilled water systems, etc.. 
or with Legionella DNA. Second, the results of probing 
culture-negative water samples must be coupled with epide- 
miological or clinical information whenever possible. 

In summary, application of a DNA amplification and 
hybridization detection system to environmental water sam- 
ples was found to be a sensitive method that theoretically 
could detect legionellae undetectable by other means. Use of 
such systems may ultimately lead to the identification and 
decontamination of relevant sites in the hospital and thus 
may promote a decline in nosocomial infection rate. 
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